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Extragalactic background radiation
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Lockman Hole 
Herschel-SPIRE

250, 350, 500 μm composite
30 arcmin
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Different galaxy populations
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HDF
ALMA

Dunlop et al, MNRAS 2017
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Different galaxy populations
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State of the Art in Sub-mm Astronomy
ALMA
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ALMA is revolutionizing the field of sub-mm astronomy

Limitations of ALMA:
• Limited Field of View
• Limited Instantaneous Bandwidth
• Oversubscription factor 5 -10

Complement ALMA with a single dish instruments
• Large Field of View Camera
• Broadband spectrometers
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Future instrumentation for sub-mm astronomy
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ALMA is revolutionizing the field of sub-mm astronomy
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Superconducting resonator optimized for radiation detection
Kinetic Inductance Detector
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Distributed resonator Lumped element resonator



j p l . n a s a . g o v

Frequency Domain Multiplexing
Kinetic Inductance Detector
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Credit: Sam Rowe
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Pair breaking detector

March 28, 2019 © 2019 California Institute of Technology. Government sponsorship acknowledged 10

E

Electron occupation

2Δ

Quasiparticle

Cooper Pair

σ = σ1 - iσ2
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Pair breaking detector
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KID operation principle
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Fundamental sensitivity limit
Generation – Recombination (GR) Noise
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Cooper PairQuasiparticle Superconductor in thermal equilibrium
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Fundamental sensitivity limit
Generation – Recombination (GR) Noise
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Cooper PairQuasiparticle Superconductor in thermal equilibrium

Temperature independent

Temperature dependent
De Visser et al., Phys. Rev. Lett. 106 167004 (2011)
De Visser et al., Appl. Phys. Lett. 100 162601 (2012)
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Excess phase noise
Two-level-system (TLS) noise
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Gao et al., Appl. Phys. Lett. 90 102507 (2007)
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Goal sensitivity
Photon-noise-limited performance
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To achieve photon-noise-
limited performance:
• Reduce SMKID
• Increase response
• (Use amplitude readout)
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Hybrid NbTiN-Al MKID design
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Design Goals:
• Low (phase) noise
• High response
• High optical efficiency
• High multiplexing factor

Combining the best of
• NbTiN
• Al
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Resonance frequency

March 28, 2019 © 2019 California Institute of Technology. Government sponsorship acknowledged 18

2

1

Readout
λ/4 resonator
Length = Fres

2 – 8 GHz
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Wide NbTiN CPW
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Si 
Substrate

Lossless F < 1.1 THz

Gao et al., APL (2008)

Sr

NbTiN on 
Sapphire

NbTiN on Si

Barends et al., IEEE TAS (2009)
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Narrow Al CPW
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Aluminum 
Absorbs F > 90 GHz

NbTiN
Absorbs F > 1.1 THz
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Radiation Coupling
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NbTiN
Lossless F < 1.1 THz

beam pattern
model

measurement
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Hybrid MKID
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Experimental Setup
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Absorbed optical power
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Photon-noise limited performance
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Photon-noise limited performance in phase readout
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Noise Noise Equivalent Power
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Multiplexing: phase readout preferred
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Calculation vs measurement
Absorbed optical power

March 28, 2019 © 2019 California Institute of Technology. Government sponsorship acknowledged 28

ε =1.06 ± 0.06
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Recent performance improvement
Hybrid NbTiN-Al KIDs
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KID 
limited

Background
limited

DESHIMA

COrE

SAFARI
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Thermal vs optical response

March 28, 2019 © 2019 California Institute of Technology. Government sponsorship acknowledged 30

5.8974 5.8975 5.8976 5.8977

−25

−20

−15

−10

−5

0

|S
21

| (
dB

)

F (GHz)

−5 −4 −3 −2 −1 0 1

−2

0

2

4

6

8

10

12

14

(f
res
−f

res,0
)/f

res,0

1/
Q

i−
1/

Q
i,0

x 10−6

x 10−5

(a) NbTiN−Al

 

 

Temperature
Optical Power

5.3224 5.3225 5.3226 5.3227

−25

−20

−15

−10

−5

0

|S
21

| (
dB

)

F (GHz)

−6 −5 −4 −3 −2 −1 0 1
−10

0  

10 

20 

30 

40 

(f
res
−f

res,0
)/f

res,0

1/
Q

i−
1/

Q
i,0

x 10−6

x 10−5

(b) Al

 

 

Temperature
Optical Power

Cooper pairs broken by photon (light) and phonons (temperature)



j p l . n a s a . g o v

Performance summary
Hybrid NbTiN-Al KIDs
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• Photon-noise-limited operation 
NEP ~ 10-17 W/H0.5

• MUX factor of ~2000
• Operational range 100 – 1100 GHz
• Optical efficiency determined by antenna
• Thermal and optical response equivalent



j p l . n a s a . g o v

MKID based instrumentation 2003 – Day et al., Nature
publication of MKIDs
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Sub-mm/mm imagine cameras

Sub-mm/mm on-chip spectrometers

Instrument telescope first light ~# pixels
ARCONS Palomar 2011 1024 US (USCB, et al.)

DARKNESS Palomar 2016 10000 US (USCB, et al.)

MEC Subaru 2018 20440 US (USCB, et al.)

VIS-IR integral field spectrographs

Instrument telescope first light ~# pixels
DESHIMA ASTE 2017 50 NL/JP (SRON, TUD, et al.)

SuperSpec LMT 2019(‘20) 150 US (CalTech, JPL, et al.)

Instrument telescope first light ~# pixels
NIKA (2) IRAM30m 2009(‘15) 350(0) F/ES/ITL (Neel, IPAG, et al.)

MAKO CSO 2013 500 US (CalTech, JPL, et al.)

A-MKID APEX 201x 25120 D/NL (SRON, TUD, et al.)

6 cm

L-band (350 GHz)
4 x 880 pixels
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Advantage of on-chip spectrometry
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Z-spec

~ 0.60 m

~ 5 cm
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Sub-mm/mm on-chip spectrometry
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5.5 cm

3.5 cm

Antenna

Termination

Filterbank

SuperSpec (V11), Redford et al., SPIE (2018)

Readout 
Line

THz Line
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SuperSpec 50-channel
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Hailey-Dunsheath et al., JLTP (2018)
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SuperSpec @ LMT

March 28, 2019 © 2019 California Institute of Technology. Government sponsorship acknowledged 36

Large Millimeter Telescope
Cerro La Negra, Mexico

50 m

3 beams
2 polarizations

195-310 GHz
R ~ 300 (oversampling factor 2)

6 x 300 detectors
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Conclusion
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Antenna-coupled hybrid NbTiN-Al KIDs have shown:
• Photon noise limited NEP down to 4x10-19 W/Hz0.5

• MUX factors of 1000
• Flexibility to operate between 100 – 1000 GHz
• Antenna allows maximum coupling to telescope
• Equivalence between dark and optical response
• Now employed by A-MKID (APEX) and DESHIMA (ASTE)

MKID based instruments are rapidly being deployed on ground-
based observatories for both imaging and spectroscopic applications
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State of the Art in Sub-mm Astronomy
ALMA vs APEX
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LESS
ECDFS: 0.5x0.5 deg2

LABOCA (350 GHz)
900 arcmin2 in 310 hours

ALESS
126 sources inside ECDFS 
ALMA Band 7 (355 GHz)
0.065 arcmin2 in 4.5 hours

Total sky
1.5x108 arcmin2

30 arcmin

20 arcsec
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Hybrid NbTiN-Al MKIDs enable kilopixel ground-based instruments

Future instrumentation for FIR astronomy
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Type F/ΔF F range Power per pixel NEPph
(W/Hz-0.5)

# pixels

Single dish camera, 

ground
3 50 – 950 

GHz

10-50 pW >3x10-16 105

Single dish 

spectrometer, ground
1000 100 – 950 

GHz

10-100 fW >1x10-17 >105

CMB observatory, 

space
3 50 – 500 

GHz

~100 fW 4x10-18 103

Single dish camera, 

space
3 1-10 THz 30 – 300 aW >2x10-19 104

Single dish 

spectrometer, space
1000 0.8-10 THz 0.05 – 0.5 aW >0.5x10-20 104

AMKID

DESHIMA

SpaceKIDs
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AMKID
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World’s largest sub-mm camera 

with ultimate ground-based sensitivity

for APEX telescope

Covering full 15x15 APEX FoV

350 GHz
4 x 880 pixels
3520 pixels

850 GHz
4 x 5 x 1080 pixels
21600 pixels
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AMKID detector performance
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• Background limited sensitivity
• 95% of theoretical efficiency
• 85% pixel yield
• Very uniform sensitivity

6 cm

L-band (350 GHz)
4 x 880 pixels
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AMKID detector performance
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L-band (350 GHz)
4 x 880 pixels
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Superconducting on-chip spectrometer

DESHIMA
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Final system
1 spatial pixel
240 – 790 GHz
F/dF = 500
ηsystem ~ 10%
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Superconducting on-chip spectrometer

DESHIMA
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Final system
1 spatial pixel
240 – 790 GHz
F/dF = 500
ηsystem ~ 10%
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DESHIMA
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First light on ASTE in fall 2017:
• 1 spatial pixel
• 49 spectral channels
• F/dF = 350
• Frange = 326-368 GHz
• Optical system efficiency ~2%
• Yield = 100%
Endo et al., arXiv 1901.06934v1

F/dF = 350 ± 50
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First-light showcase
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Preliminary results! – Many thanks to A. Endo (PI DESHIMA)
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Kilopixel KID-based demonstrator system for 
low background space-based applications

SpaceKIDs
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selector reduces the output data rate to 21 Mbit/s or 167 Mbit/s 
for the 159 and 1272 Hz output frame rates respectively. 

Our data acquisition system effectively provides a time 
series of the complex amplitude of each carrier at a readout 
rate of 159 Hz. An alternative configuration is supported 
where the frame size is 216 points with a readout rate of 
1272 Hz. That configuration makes it possible to measure the 
KID signals with a larger bandwidth, at the cost of limiting the 
choice of carrier frequencies to multiples of 30.5 kHz. The 
increased readout rate enables observing interactions between 
cosmic rays and the MKID array, given the intrinsic lifetime 
of ~ 1 ms for aluminium KIDs. 

 Table I shows the specified performance of the DAC and 
ADC. It can be seen that the ADC is a dominant noise source, 
producing a noise spectral density of −98 dBc/Hz for 1000 
carriers. 

C. Digital Readout Integration 
The DAC and ADC boards both require a 2 GHz sample 

clock. We use a custom clock distribution board to generate a 
single 2 GHz signal and distribute it to both converters. The 
use of a common sample clock ensures that the DAC and 
ADC convert at the exact same sample rate, which is 
necessary to align each carrier with a single FFT bin. In 
addition, close-in phase noise in the clock source will be 
highly correlated between the DAC and ADC clocks. The 
correlated part of the noise will thus be canceled in the final 
demodulated signal. 

The clock board is based on an AD9520 clock generator 
with a separate on-board voltage-controlled oscillator, which 
achieves lower phase noise than the internal oscillator in the 
AD9520. The clock runs in phase-locked loop with an external 
10 MHz reference derived from the LO. White phase noise in 
the sample clock is the major contributor to the total RMS 
jitter. In a system with single carrier frequency ωc and jitter σt 
the SNR determined by the clock alone equals 20×log10(ωc σt). 
In our multicarrier system we can make a worst case estimate 
for the total allowed jitter by assuming a carrier frequency of 
1 GHz and a minimum SNR of 54 dB for the clock alone, 
which results in a maximum jitter of 300 fsrms. Combined with 
the clock source of 2 GHz, the white phase noise in the clock 
signal should be below 148 dBc/Hz. Close-in phase noise will 
be attenuated because it correlates between DAC and ADC. 
However, high-Q filters or MKIDs in the signal path can 
reduce this correlation. Simulations of the MKID transfer 
function indicate that close-in phase noise must be less than 
−50 dBc/Hz at 1 kHz in order to stay below the intrinsic phase 
noise of the KID. This is easy to obtain from a 10 MHz 
reference source; our system has −80 dBc/Hz phase noise at 
1 kHz offset from the carrier, i.e. 30 dB margin. 

The two FPGA boards with DAC and ADC daughter 
boards, as well as the clock distribution board are mounted in 
a 3U 19-inch subrack. The rack also contains power supplies 
and forced air cooling. The sample clock is distributed from 
clock board to the converters via short semi-rigid coax cables. 
The FPGA firmware is controlled by software running on a 
Linux PC. The boards communicate with the PC via Ethernet, 

using an application-specific protocol based on raw packets. 
An Ethernet switch board is mounted in the rack to provide a 
1 Gbit fiber link to the controlling PC and 1 Gbit backplane 
links to the two FPGA boards. The PC is responsible for 
further analysis and visualization of data, as well as 
monitoring of temperatures and voltages in the electronics. 

V. RF ELECTRONICS 
The RF electronics consist of an upconverter chain, 

connected between the DAC ouput and MKID cryostat input, 
and a downconverter chain connected between the MKID 
cryostat output and the ADC. The system enables tuning of the 
carrier power at the MKID level by 30 dB, to support readout 
of the MKIDs at their optimal level. The entire RF system is 
implemented on a single card with RF drop-in components on 
the card surface and all control and bias wiring in one of the 7 
buried device layers. Large copper thermalisation structures 
are used to efficiently cool the card. The final board is shown 
in Fig. 3, a block diagram is shown in Fig. 2. 

A. Upconverter 
The upconverter is based upon an IQ mixer (Hitite 

HMC525LC4), where the I and Q port are each connected to a 
single DAC. We use low pass filters (Mini-Circuits LFCN-
1000) to reject spurious from the DAC. We make the 
connection to the mixer I and Q port using a 100 nF capacitor 
in parallel with a 49.9 Ω resistor to ground. This ensures AC 
coupling and a good IF match since the IF ports of the mixer 
are not matched to 50 Ω. The advantage of using an IQ 
modulator is that it enables the correction of the phase and 
amplitude imbalances of RF hybrid inside the mixer by 
changing the phase of the I and Q input signal (see section VI) 
The LO signal is generated by a commercial, low noise 
synthesizer (Agilent E8257D) and is split between the up- and 
downconverter channel using a 3dB power divider (GP2X1). 
We use a gain block (HMC619LP5) to reach +17 dBm LO 
power required for maximum gain flatness over the entire 
frequency band. After the mixer we us a gain block consisting 

 
Fig. 3.  RF upconverter/downconverter electronics board. 

Baselmans et al., A&A 2017
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Kilopixel KID-based demonstrator system for 
low background space-based applications

SpaceKIDs
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MUX
(factor)

λ
(μm)

λ/Δλ NEPdet
(W/Hz-0.5)

Absoption
Efficiency

Dynamic
Range

Cosmic
Ray 
dead 
time

Cross
talk

1/f knee Yield

Baseline 500 350 5 5 x 10-19 >0.5 >1000 <30% <-20 dB <0.5 Hz >60%

Goal 1000 200 1.5 1 x 10-19 >0.7 >104 <10% <-30 dB <0.1 Hz >70%

Achieved 961 350 1.35 3.3 x 10-19 0.68 105 4% -34 dB 0.5 - 1 Hz 83%
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Array Design
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KID 
limited

Background
limited

DESHIMA

COrE

SAFARI

Sensitivity
SpaceKIDs
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Sensitivity
SpaceKIDs

Optical NEP
Dark NEP
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High fidelity imaging
SpaceKIDs

Low Tc mesh critical
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Cosmic Rays

SpaceKIDs

Low Tc mesh

Lab test - neutrinos

Single glitches with τ ~ 1 ms

Fraction dead time 

• Earth:                   3.2x10-4

• L2 estimate:            ~4%

• L2 without mesh:   16-20%


